Abstract. Existence of hypothetical fourth neutrino, so-called sterile neutrino, is one of open issues in the particle and neutrino physics. This fourth neutrino is a candidate for explaining some anomalies reported in LSND, MiniBoone, reactor experiments, and gallium experiments. To search for the existence of the sterile neutrino, we report detailed analysis of a feasible experiment for short baseline electron antineutrino (ν e ) disappearance study, in which aν e source from 8 Li generator is considered under non-accelerator system. For 8 Li production, we suggest to use 252 Cf source as an intense neutron emitter, by which one can produce 8 Li isotope through 7 Li(n,γ) 8 Li reaction, effectively. Using the 8 Li generator, one does not need any accelerator or reactor facilities because the generator can be placed on any present and/or planned neutrino detectors as closely as possible. For the effect of the possible sterile neutrinos, we estimate expected neutrino flux and event rates from the neutrino source scheme, and show neutrino disappearance features and possible reaction rate changes by the sterile neutrino using the spectral shape analysis.
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Introduction
Since the first observation of neutrino oscillation phenomena was done in Homestake Experiments [1] , many experiments (e.g. KamioKanDe [2] and SNO [3] facilities) had confirmed the neutrino oscillation phenomena and showed that the oscillation mechanism resolves the long-standing discrepancies among measured and/or theoretical solar neutrino flux, so-called solar neutrino problem. There are 'somewhat similar' discrepancies or anomalies, similar to the solar neutrino problem, that were observed in LSND [4] , MiniBoone [5] , reactor antineutrino experiments [6] and gallium experiments [7] despite the knowledge that three flavor neutrinos oscillate. These observations naturally lead to the possible existence of hypothetical fourth neutrino, so-called sterile neutrinos (ν s ), which may mix with standard three active neutrinos and do not interact with other particles. For the ν s search, many interesting studies with several neutrino sources such as ∼100 kCi of 144 Ce-144 Pr antineutrino generators [8, 9] and electron antineutrinos (ν e ) from 8 Li by using an accelerator-based IsoDAR concept [10, 11] , etc. have been proposed.
In the previous work, for the ν s search, we proposed a fissionable isotope of 252 Cf as a radioactive isotope-basedν e production scheme [12] . With 252 Cf radioactive isotope, 99.99% enriched 7 Li and graphite, 8 Li isotopes as aν e source can be produced effectively. 252 Cf emits neutrons with an average energy of approximately 2 MeV, and the generated neutron can produce 8 Li isotopes by the neutron capture reaction to 7 Li. Furthermore, 8 Li generator can be placed on existing and/or planned any neutrino detectors such as Borexino, JUNO, KamLAND, LENA and SNO+, etc. because one does not need any accelerator or reactor systems.
In this work, we study the experimental method by using spectral shape analysis with the neutrino source from the 8 Li generator based on a 252 Cf neutron source. Spectral shapes of the measured neutrinos can be analyzed independently of absolute flux values and give valuable chances to study the existence of fourth neutrinos. To decipher the effect of possible sterile neutrinos from the shape analysis exploited in Daya Bay [13] , Double Chooz [14] , and RENO [15, 16] experiments, we calculate expected neutrino flux and event rates, and discuss neutrino disappearance features and possible reaction rate changes by the sterile neutrino.
To simulate the non-accelerator 8 Li generator, we use particle transport Monte Carlo code, GEANT4 [17, 18] .
Methods
Electron antineutrino sources from 8 Li generator under non-accelerator system
As an intense neutron emitter to generate 8 Li, we consider a 252 Cf isotope with a half-life (T 1/2 ) of 2.64 yr, which emits neutrons through spontaneous fission process. The following energy distribution of the neutron from 252 Cf known as Watt fission spectrum [19] [20] [21] , f (E) = exp(− E 1.025 )sinh(2.926E) 1/2 is adopted, where E is the neutron energy in MeV, and the neutron emission rate of 2.34 × 10 12 neutrons per second (n/s) for 1 g of 252 Cf is used in our work. These neutrons can produce 8 Li isotope through 7 Li(n,γ) 8 Li reaction where the 8 Li becomes electron antineutrino source. Figure 1 shows the 8 Li generator comprising 99.99% enhanced 7 Li convertor, 252 Cf source surrounded by the graphite modulator, and reflector materials such as C, Pb, W which wrap outside the Li convertor. The Li convertor has a cylindrical shape of a radius 100 cm and a length 200 cm, whose shape and size are based on the analysis performed in Ref. [11] . We place graphite as an neutron modulator in the 7 Li convertor. The graphite is usually preferred as a modulator (or reflector) due to its low absorption cross section and high elastic scattering cross section for neutron. 1 With the graphite modulator, we can increase the production yield of 8 Li even though amounts of the 7 Li are less than those without graphite.
Heat production of the source can be issued for the experimental setup. Heat production of approximately 50 kCi of 144 Ce-144 Pr antineutrino generators and electron antineutrinos (ν e ) from 8 Li by using an accelerator-based IsoDAR concept are ∼370 W and 600 kW, respectively. In contrast, the heat of a 252 Cf source with 1.0 g is approximately 38.5 W (decay heat of α-decay and spontaneous fission are 18.8 W/g and 19.7 W/g, respectively). This is much smaller than those from the above generators, and thus the cooling of 38.7 W is more easy. Also, in our design, because the 252 Cf source inside of the graphite and the detector can be located apart, the cooling of the neutrino source is more easy, if needed.
To calculate production rates of 8 Li by neutrons from 252 Cf, the GEANT4 (GEometry ANd Tracking) code [17, 18] is used. For an accurate simulation of neutron interactions, high precision models (G4HP) with G4Neutron Data Library (G4NDL) 4.5 are used in the present work, where the G4HP include cross sections and final states information for elastic, inelastic scattering, capture, fission, and isotope production. The data in G4NDL 4.5 come largely from the Evaluated Nuclear Data File (ENDF/B-VII) library [26] . 2 8 Li with T 1/2 of 0.838 s emitsν e through β − decay, 8 Li → 8 Be + e − +ν e . The energy distribution of the electron anti-neutrinos from 8 Li is calculated by using "G4RadioactiveDecay" [27, 28] class based on the Evaluated Nuclear Structure Data File (ENSDF) [29] .
Proposed experimental setup
To study spectral shape analysis for the ν s existence, a hemisphere shape liquid scintillator detector based on the JUNO [30] is considered. Figure 2 shows the simulation geometry for hemisphere shape detector with the 8 Li generator where D and dD mean the distance between the bottom of the plate and the center of the detection shell and the thickness of the shell, respectively. In this work, we consider a hemisphere shape of LS detectors with a radius of 17.7 m where the target proton number (n p ) in the detector is 0.725 × 10 33 (approximately 10 kt) [30] . The expected event rate is obtained within the detecting region of LS detectors for various D values with the cylindrical 8 Li generator.
Detection of electron antineutrino with liquid-scintillator detector
For detection of electron antineutrinos, an inverse beta decay (IBD) reaction,ν e +p → e + +n, is considered. The IBD reaction gives two distinct signals in electron anti-neutrino detections; one is the prompt signal due to an annihilation of a positron, and another is a delayed signal of a 2.2 MeV γ-ray via neutron capture. The event rate (ER IBD νe ) for IBD can be written as
where n p is the number of target protons within the fiducial volume of detector. Φν e (Eν) is the electron-antineutrino flux from 8 Li, E max is the maximal neutrino energy, E th is the threshold energy of the reaction, P νν (Eν) is an energy dependent electron-antineutrino survival probability, and Eν is energy of the incident antineutrino. The energy dependent cross section of the IBD in Eq. (2.1) can be expressed by [31, 32] 
where p e , E e and Eν e are the positron momentum, total energy of the positron and the energy ofν e in MeV, respectively. E e = Eν e − ∆ where ∆ is mass difference between m n and m p (∆ = m n − m p ≈ 1.293 MeV). This cross section agrees within few per-mille with the full calculation including the radiative corrections and the final-state interactions in IBD. 3 
Tested hypothetical models for the sterile neutrinos
By using ourν e source, we can study the possible existence of the fourth neutrino, sterile neutrino. For three neutrino oscillation model, we use P νν (Eν) (≡P 3 ) given by [33] 
where
). L and E mean the source to detector distance and the neutrino energy, respectively. Neutrino oscillation parameters in Eq. (2.3) are taken from a global fit from Ref. [34] .
To see the ν s effect, we also use electron-antineutrino survival probabilities in the 3+1 and 3+2 models where the survival probabilities can be written as [11] 
4)
There is another possibleνe detection channel,νe-e − elastic scattering (ES). Through theνe-e − ES, antineutrinos can be indirectly measured by the outgoing scattered electron which can be identified by means of the scintillation light produced in the liquid-scintillator (LS). But, reaction rates for the ES are much smaller than those for IBD. Therefore, we only consider IBD reaction for the following neutrino disappearance study. 8 Li isotope yields for graphite, lead and tungsten with respect to T 2 . T 1 is set to 43 cm because the value is optimal thickness. The filled circles, squares and triangles denote results for graphite, lead and tungsten, respectively.
The oscillation parameters for the 3+1 model in Eq. (2.4) and for the 3+2 model in Eq. (2.5) are taken from the best-fit points from the combined short base lines (SBL) and IceCube data set [35] , and reactor antineutrino data [36] , respectively.
Results
8 Li isotope yield in the generator
First, we calculate the production yield of 8 Li with the 252 Cf source coupled only with the Li convertor. Yield of 0.0045 8 Li per neutron ( 8 Li/n) is obtained because neutrons can easily escape from the convertor, so that they are not effectively captured by 7 Li isotopes. When graphite material, the inner modulator in Fig. 1 , is placed in the Li convertor, 8 Li yield can be increased compared to that without the graphite. As the graphite thickness increases, numbers of the collisions between the neutron and the carbon nuclei also increase. Consequently, capture probability of the neutron by 7 Li can also increase. If the graphite is too thick, however, it becomes hard for the scattered neutron to escape from the graphite. We found that yields of 8 Li increase when T 1 increases up to 43 cm. As the T 1 of the inner modulator increases more than 43 cm, yields of 8 Li decrease. Maximum yield of 8 Li turns out to be 0.1572 8 Li/n at T 1 = 43 cm, whose yield is about 35 times larger than that without graphite.
To further increase the yields of 8 Li, outer reflector with the thickness T 2 in Fig. 1 is considered to be located out of the Li convertor. The production yield for 8 Li with respect to T 2 is plotted in Fig. 3 where the optimal thickness of T 1 is chosen as 43 cm. As the reflector materials, graphite, lead and tungsten are considered. For graphite, 8 Li yields increase up to 0.256 8 Li/n as the T 2 increases. With the T 2 larger than 50 cm, yields for 8 Li are almost saturated. Results for lead and tungsten as the T 2 material are also shown in Fig. 3 . The production yields of 8 Li for lead and tungsten increase up to 0.22 and 0.16 8 Li/n, respectively, 
P r o d u c t i o n y i e l d ( 1 / n e u t r o n ) I s o t o p e s
C o n v e r t e r ( 9 9 . 9 9 % 7 L i ) with the increase of the T 2 . Yields of 8 Li for lead and tungsten as the T 2 material are smaller than that of graphite by ∼ 16% and ∼ 60%, respectively. It is found that yield of 0.256 8 Li/n is obtained with both the two graphite materials (modulator and reflector). Therefore, we use this value for the setup in this work. 
M o d u l a t o r ( g r a p h i t e ) R e f l e c t o r ( g r a p h i t e )
Background consideration
The IBD reactions provide two distinct signals in electron anti-neutrino detection; one is the prompt signal due to an annihilation of a positron, and another is a delayed signal of a 2.2 MeV γ via a neutron capture that provides almost unambiguous antineutrino event detection. These coincident features give an efficient rejection of other possible backgrounds.
In fact, various unstable isotopes can be produced in both Li convertor and graphite modulator and reflectors, and emit antineutrinos. Thus they can affect the neutrino detection. Production yields of unstable isotopes for T 1 = 43 cm and T 2 = 100 cm are plotted in Fig. 4 . Figure 4 shows that 3 H, 6 He and 10 Be are produced as well as 8 Li in Li convertor. However, 3 H has a long half-life of ∼12.3 y. Also, production yields of 6 He and 10 Be are much lower compared to those of 8 Li by factors ∼10 4 and ∼10 7 , respectively. Other unstable isotopes, 10 Be, 12 B and 14 C, are also produced in graphite materials. Because of very low yields for 10 Be and 12 B and a long half-life of 14 C (∼5.7 × 10 3 y), their contributions are marginal for the IBD neutrino detections. 4 Background neutrinos such as neutrinos from fission product of 252 Cf (ν f ) and geoneutrinos (ν geo. ) can also affect the neutrino detection. To check the ν f effect, we evaluate flux and event rate for ν f by using ENDF/B-VII.1 and ENSDF data. Figure 5 shows the yields of fission products from 252 Cf isotope where the yield data of 1245 isotopes in the region with 30 < Z < 70 and 40 < N < 110 are taken from ENDF/B-VII.1.
First, we estimate the ν f flux by using ENSDF data. In our estimation, we assume that unstable isotopes (880 isotopes) are fully decay with half-lifes shorter than 1 yr. Figure  6 shows electron antineutrino flux from 252 Cf and the flux from 8 Li. In the figure, the ν f is dominant in the low energy region below the IBD reaction threshold compared with the flux from 8 Li. However, in the energy region of Eν e > 5.1 MeV, the neutrino flux from 8 Li becomes larger than ν f flux. It is also found that total event ratios by the neutrino from 8 Li (ν8 Li ) for Eν e > 7 MeV is larger than those from ν f by three orders of magnitudes and thus contributions of the ν f are negligible compare to the ν8 Li . Consequently, we can remove the ν f effect with the neutrino energy cut of 7 MeV in this work.
Geo-neutrinos, which can affect the neutrino detectors, are produced via β-decays of long-lived radioactive isotopes such as 40 K, 238 U and 232 Th that are present in the Earth. 40 K isotopes decay into 40 Ca isotopes (branching ratio = 89.14%) through β − -decays with the Q value of 1.311 MeV and thus emit electron antineutrinos. However, the neutrinos, which have the maximum energy near to the Q value, cannot affect the IBD reaction because of a kinematic threshold of 1.806 MeV for the IBD. Numbers of unstable isotopes are generated in the chains of 238 U and 232 Th. KamLAND [37] and Borexino [38, 39] have measured a rate for ν geo. (∼ a few events/(100 ton · yr)) due to the decay of U or Th in the Earth. The end points of the neutrino energy spectrum from 232 Th and 238 U chain are about 2.25 MeV and 3.3 MeV, respectively. In this work, we use the neutrino energy cut of 7 MeV. Therefore, contributions of the ν geo. are also negligible compared to those ofν e from 8 Li (ν8 Li ).
Other radiations such as neutrons and gammas can affect detection for neutrinos. But, by using a 252 Cf source with a low intensity and small detectors (for neutrons and gammas detections), we can measure the background radiations from the setup suggested in this work.
Spectral shape analysis for short baseline electron antineutrino disappearance studies
In order to see the effect by the sterile neutrinos, we consider 8 Li generator and hemisphere shape LS detector based on the JUNO [30] , as explained in Fig. 2 . The expected event rates under P 3 model are compared with the P 3+1 and the P 3+2 models, and distinct features for each model are obtained. Figure 7 shows results for the expected total event ratios (ERs) of P 3 , P 3+1 and P 3+2 to P 3 as a function of D, which is the distance between bottom of the plate and center of the shell for detection in Fig. 2 . R 3/3 (R 3+1/3 and R 3+2/3 ) means the ratio ER 3 (ER 3+1 and ER 3+2 ) to ER 3 . If there are no sterile neutrinos, the ratio should be 1 in Fig. 7 . Under the 3+1 sterile neutrino scenario with the best fit parameter, however, oscillation shape is largely deviated from the unit number 1. The minimum and the maximum are shown at D = 450 cm and D = 1100 cm, respectively. For the 3+2 scenario, the ratio decreases for D < 1200 cm with the D increase, and the period of the oscillation is found to be much longer than that of the 3+1 scenario. At D = 1100 cm, the minimum for the 3+2 scenario and the 3+1 scenario maximum appear clearly. The neutrino energy distributions for different D For the error bars in the analysis, we assumed a statistical error of 2%, a systematic error of 2%, an energy resolution of 3%/ E/MeV, a position resolution of 12 cm, and a IBD cross section error of 0.5%. Decrease pattern can be seen clearly in the Fig. 9 (a) as the Eν e increase. Also, the maximum and the minimum values of the ratios are 1.07 at Eν e = 7.5 MeV and 0.92 at Eν e = 12.5 MeV, respectively. If we can measure approximately 15% deviation from the expected events, we can find a clue to the problem of whether the P 3+1 model is the most appropriate scenario.
Summary
In this work, we propose an experimental setup for neutrino spectral shape analysis by using a 8 Li generator under non-accelerator system. Unstable isotope, 8 Li, emitsν e having energy range 0 < Eν e < 13 MeV (< Eν e > ∼ 7 MeV) through β − decay where the 8 Li is produced via 7 Li(n,γ) 8 Li reaction with an intense neutron emitter, 252 Cf. The 8 Li generator suggested in our scheme can be placed and applied to any neutrino detectors such as Borexino, JUNO, KamLAND, LENA and SNO+, because accelerator or reactor systems are not needed anymore.
Suggested 8 Li generator is very compact, so that neutrino detectors can be placed within a few meters from the neutrino source with Eν e < 13 MeV. Moreover neutrinos from the source can be so effectively controlled. Consequently, background neutrinos can be exactly separated as mentioned in Sec. 3.2. It means that our scheme could be a very efficient neutrino source for the study of 1 eV mass scale sterile neutrino as well as other neutrino oscillation studies.
The expected event rates with P 3 , P 3+1 and P 3+2 models with best fit points, and their ratios are presented for different detector distances. Our results show that neutrino disappearance features and possible reaction rate are changed significantly by the sterile neutrino. These distinct features can give useful chances to search for the existence of a sterile neutrino as well as the test of the 3+1 or 3+2 sterile neutrinos scenarios. In particular, if we can confirm 15% deviation in Fig. 9 , we can conclude whether P 3+1 model is the most appropriate sterile neutrino model or not.
